Interference is a major force governing the patterning of meiotic crossovers. A leading model 24 describing how interference influences crossover-patterning is the beam film model, a 25 mechanical model based on the accumulation and redistribution of crossover-promoting stress 26 along the chromosome axis. We use the beam-film model in conjunction with a large 27 Arabidopsis reciprocal back-cross data set to gain mechanistic insights into the differences 28 between male and female meiosis and crossover patterning. Beam-film modelling suggests that 29 the underlying mechanics of crossover patterning and interference are identical in the two 30 sexes, with the large difference in recombination rates and distributions able to be entirely 31 explained by the shorter chromosome axes in females. The modelling supports previous 32 indications that fewer crossovers occur via the class II pathway in female meiosis and that this 33 could be explained by reduced DNA double strand breaks in female meiosis, paralleling the 34 observed reduction in synaptonemal complex length between the two sexes. We also 35 demonstrate that changes in the strength of suppression of neighboring class I crossovers can 36 have opposite effects on effective interference depending on the distance between two genetic 37 intervals. 38 39 2), however it is only in the last few years that insights into its mechanistic basis have begun 46 to surface. 47 48 Studies in Arabidopsis (3), yeast (4) and humans have shown that the inhibitory effect of 49 interference spreads across a defined physical chromosome distance. This is usually measured 50 in µm synaptonemal complex (SC) although there is some evidence that it is mediated by the 51 chromosome axes (whose lengths are proportional to that of the SC) prior to synapsis (reviewed 52 5). In yeast, interference is, at least in part, mediated by Topoisomerase II (4) and wt levels of 53 interference require SUMOylation and subsequent ubiquitin-mediated removal of TopoII and 54 also of the axis component Red1/Asy3 (4). These findings are consistent with suggested roles 55 for the chromosome axis and local stress relief via DNA remodeling, in mediating interference. 56 57 Several approaches have been used to model CO patterning, the most notable being the gamma 58 model and the beam-film model. The gamma model is a statistical model based on the 59 observation that the distances between two crossovers are relatively uniform, following a 60 gamma distribution. Under this model "effective interference strength" is highest when 61 distances between crossovers show the least variation. This results in a large value of the 62 gamma shape parameter. 63 64
INTRODUCTION 40 41
Meiotic crossovers shuffle parental genetic information generating new combinations of 42 alleles. In most species the presence of one crossover inhibits nearby crossover formation so 43 that inter-crossover distances are greater and more uniform, than if placed at random. This 44 phenomenon, crossover interference, was first noted in genetic studies over a century ago (1, 45 82 In their simplest forms, the gamma and beam-film models of crossover patterning deal 83 exclusively with class I crossovers and therefore experimental data used in comparisons with 84 simulated data must be class I specific, e.g. Zip3/Hei10 foci distributions. Crossover patterning 85 in yeast has been extensively explored using the single-pathway beam-film model and the 86 effects of different parameters on crossover distributions are now well understood. 87
Consideration of class I crossovers alone, however, is not always possible or appropriate. For 88 example, cytological analyses of female meiosis in Arabidopsis remain challenging and, as the 89 number of crossovers per chromosome is low, well over a thousand cells would need to be 90 analyzed to achieve the same number of inter-interval distances (the limiting factor for 91 analyses) commonly reported for yeast chromosomes (4, 14) . Cytological data are also not 92 appropriate when wanting to consider patterning of both class I and class II crossovers, as there 93
is as yet no robust cytological marker for class II crossovers. In these instances, beam-film 94 best-fit simulations must be used in combination with genetic data, which include the result of 95 both class I and class II crossovers. Backcross populations, for example, are particularly well 96 suited to this kind of analysis. 97 98 Using a large Arabidopsis reciprocal backcross recombination data set (~1500 individuals, 99 ~380 markers for both male and female) it has been shown using the two-pathway gamma 100 model that crossover interference is higher in female meiosis than in male meiosis, that male 101 meiosis has a higher proportion of non-interfering COs and that class-II COs are non-uniformly 102 distributed (15). 103 104 We use the two-pathway beam-film model to analyze the same large Arabidopsis dataset, 105 identifying parameter best fits to gain mechanistic insights into the differences between male 106 and female crossover patterning. Using the best-fit parameter values identified as a starting 107 point we then model the influence of various parameters on crossover patterning under the two-108 pathway beam-film model. 109
110

MATERIALS AND METHODS 111 112
Experimental data: Experimental dataset used has been previously published (16) and was 113 derived from large Arabidopsis reciprocal backcross populations. On average, 1,505 plants 114
were genotyped for 380 SNPs in the male population and 1,507 plants genotyped for 386 SNPs 115 in the female population (380 in common). As the average distance between markers is small 116 in this data set -316 kb in male, 311 kb in female -the number of double crossovers (DCOs) 117 in a single interval are expected to be negligible. It was therefore assumed during analysis that 118 all recombination events were identifiable. 119
Beam film parameter optimization: Beam-film simulations were performed and best-fit 121 parameters determined using MADpatterns (17) and custom perl scripts with an approach 122 based on that described in (14) . For each chromosome and each sex at least three rounds of 123 analysis were undertaken. In each round of each analysis 30,000 bivalents were simulated for 124 a range of parameter values. In the first round, relatively broad value ranges of optimised 125 parameters (Smax: 2 -10 L: 0.4 -1.7; T2Prob: 0.002 -0.008; cL: 0.3 -1.3 and cR: 0.3 -1.3) 126
were chosen based on values described in Zhang et al (2014) Bs/Be/Bd -Recombination "black hole" start/end/precursor density: Recombination black 168 hole start and end points correspond to the start and end of the recombination suppressed 169 centromeric region. These values were determined based on the recombination frequencies 170 observed in the backcross data (Table S1, Figure S1 ) and correspond to regions with high DNA 171 methylation and low H3K4me3 indicative of heterochromatin (21). 172 173 Bsmax -Similarity in maximum stress levels between bivalents: Bsmax sets the similarity of 174 undergoes CO-designation and stress-relief extends out from that position. As S increases to 230 Smax, additional precursors usually experience sufficient stress to promote the designation of 231 further COs. At any point during the simulation, the actual stress experienced by a precursor is 232 the current value of S, minus the sum of any stress-relief due to interference from nearby COs. 233
Optimum values of Smax for the five chromosomes were similar in males and females: male 7 234 ± 1.9 and female 6.9 ± 0.7, p = 1 (Bonf. corrected) ( Figure 2 , Table S1 ). 235 236 LBF -Stress relief distance: The parameter LBF corresponds to the length of the chromosomal 237 interval over which a CO relieves stress i.e. stress-relief propagates out from COs a distance of 238 ½ LBF in either direction. The magnitude of the stress-relief decreases exponentially with distance from the CO, such that there is maximal stress-relief in the middle of the interval (i.e. 240 immediately surrounding the CO) and almost no stress-relief at either end of the interval (14, 241
22). 242
When running simulations LBF is specified as the proportion of total chromosome length (i.e. 243 chromosome length is set to 1), but is converted to length in Mb or µm SC to enable 244 comparisons between chromosomes of different lengths. When measured in Mb (LBF_Mb) best-245 fit estimates of LBF were significantly higher in females: LBF_Mb -male 17.1 ± 3.5 Mb and 246 female 28.8 ± 3.1 Mb, p = 0.0095 Bonf. corr. (Figure 2 , Table S1 ). When the distance metric 247 was converted to µm SC (LBF_SC), using the best available estimates of SC length in the two 248 sexes (3), there was no-longer any difference in LBF between the two sexes: LBF_CoC -male 27.7 249 ± 5.6 µm and female 23.7 ± 2.5 µm, p = 1 Bonf. corr. (Figure 2 ). For some chromosomes, 250 optimum values of LBF were larger than the chromosome in question. This is expected if one 251 CO suppresses the formation of additional COs more than half the length of the chromosome 252
away. An example can be seen for chromosome 2 in females which has an estimated SC length 253 of 16.2 µm and an LBF_CoC estimate of 25.9 µm. As can be seen from the CoC curve for this 254 chromosome ( Figure S2 ) it is clear that the observed number of DCOs are less than expected 255 (i.e. CoC < 1) even when intervals are at opposite ends of the chromosome (e.g. inter-interval 256 distance ~14 µm). 257 258 cL/R -Left and Right end clamping: In the beam-film model, "clamping" at chromosome ends 259 determines how stress is supported in terminal regions. Unclamped chromosome ends (cL = 0; 260 cR = 0) cannot support stress and so locally relieve stress, behaving as if there were a crossover 261 at the chromosome end. Clamped chromosome ends (cL = 1; cR = 1) experience stress as 262 elsewhere along the bivalent. As the interference signal cannot come from beyond the end of 263 the chromosome, recombination frequencies will tend to be higher at the end of chromosomes than for internal regions when clamped. Total clamping averages (cL/R) for male and female 265 were calculated from the estimated values of cL and cR for each sex. Clamping values were 266 variable between chromosomes but there was no significant difference between the average 267 clamping values, male 0.78 ± 0.16 and female 0.69 ± 0.13, p = 1 Bonf. corr. (Figure 2) . 268 269 T2Prob -Probability that a non-crossover designated precursor will form a Type II crossover: 270
The average optimized T2Prob values were significantly higher in male than female meiosis, 271 0.0063 ± 0.0010 and 0.0036 ± 0.0008 respectively (p = 0.026, Bonf. corrected, Table (Table 1. ). For both experimental and simulated data, 324
LCoC was significantly smaller in males than in females if measured in Mb but showed no 325 difference between when measured in µm SC (Table 1, Figure 1 and Figure S2 ). 326 327 Crossover Distributions: As the distance over which crossover interference is propagated (LBF) 334 decreased, crossover frequencies increased. The change in frequency was particularly marked 335 in distal regions although all regions experienced some increase in crossovers ( Figure 3A) . 336
When LBF was reduced below half of chromosome length, increases in crossovers was also 337 strong adjacent to the centromere ( Figure 3A) . Figure 4A ). This is 380 unsurprising given that the expected number of DCOs for a pair of intervals is purely based on 381 the respective rates of COs in the two intervals. In contrast, the observed number of DCOs 382 changed dramatically for IID = 0.5, but only marginally for IID = 0.1 ( Figure 4A ) in response 383 to changes in LBF. As a result, CoC dramatically decreased for IID = 0.5 with increased LBF but 384 increased slightly for IID = 0.1 ( Figure 4B ). 385
386
We reasoned that the difference in behavior might be due to the nature of the DCOs formed at 387 smaller and larger IIDs. For example, DCOs can occur between two class I COs, two class II 388 COs or between a class I and a class II CO but interference only directly suppresses those 389 involving two class I COs. We therefore ran beam film simulations with class I COs only 390 (T2Prob = 0), class II COs only (Smax = 0), or both class I and class II COs and determined 391 numbers of the different classes of DCOs formed for each set of simulations ( Figure 4C ). From 392 these numbers we determined the proportions of the different classes of DCOs ( Figure 4D Figure 5G ). For a given number of DSBs the modelling predicts ~ 65% more crossovers in wt 446 male than wt female, but essentially equal numbers of crossovers when the probability of class 447 II crossovers is high ( Figure 5G To gain insights into the differences between female and male meiosis in Arabidopsis, we 464 analyzed a large Arabidopsis reciprocal backcross data set (16) and performed two-pathway 465 (i.e. both class I and class II COs) beam film best-fit simulations. Our modelling suggests that 466 the major differences in crossover number, crossover distribution and interference relationships 467 between the sexes can all be explained by the observed difference in SC length between male 468 and female meiosis. The relationship between genome size and SC length is governed by the 469 size/number of chromatin loops, which occur at a conserved density of ~20 per µm SC across 470 a wide range of organisms (28). As genome size is identical for both sexes in Arabidopsis, we 471 would expect loop size in male meiocytes to be about 60% of that found in female meiocytes. 472
Exactly how chromatin loop size is determined remains unclear but this decision occurs very 473 early in, or prior to, meiosis (5, 29). It is probable, therefore, that the cause of differences in 474 crossover patterning also occurs very early in, or prior to, meiosis. Interestingly humans also 475 display a sex-specific differences in chromatin loop-size and SC length, although in this case 476 female meiocytes have shorter loop-size, longer SC and more crossovers (30) . 477 478 It has been reported previously that effective crossover interference is stronger in females than 479 in males in Arabidopsis (15) . Our analyses indicate that the interference signal is propagated 480 over the same physical distance (µm SC) in both male and female meiosis, and thus from a 481 mechanistic standpoint interference is identical in the two sexes. The higher effective 482 interference (i.e. the effect on the inheritance of two linked genetic loci) observed in females 483 can be entirely explained by the difference in SC length between the two sexes, as a given 484 distance in µm SC corresponds to a greater length in Mb. It is worth noting that our estimates 485 Given the substantial differences in crossover patterning between female and male meiosis it 514 is striking that they can all be accounted for by the difference in SC length. It is similarly 515 striking that despite the differences in crossover patterning there are also no significant 516 differences between the sexes in the estimated beam-film model parameters. This gives us good 517 confidence in our approach, and suggests that similar investigations, in different contexts (e.g. 518 mutants, over expression lines, environmental conditions), could provide further mechanistic 519 insights into the factors governing crossover patterning in Arabidopsis. 520
521
The model can also be used to make predictions about how important agricultural goals such 522 as heightened recombination rates could be achieved. For example, with the development of 523 CRISPR and related technologies, it is possible to modulate the number or location of DSBs in 524 early meiosis and there is interest in using this approach to alter recombination rates in plant 525 breeding programs (32-34). In most organisms, crossover numbers are thought to be 526 maintained independently from the number of DSBs through crossover homeostasis (35-37). 527
Our modelling suggests that the extent to which homoeostasis maintains crossover numbers is 528 determined by the proportion of DSBs that become class II crossovers: The higher the 529 proportion of class II crossovers, the more DSB number will affect crossover number. Thus, 530
we predict that combining the knock out of class II CO suppressing proteins (e.g. RECQ4, 531 FANCM, FIGL1, 38-40) with approaches to increase meiotic DSBs could maximize increases 532 in recombination and the associated benefit to breeding programs. 533 534 One of the surprising findings of our analysis is that for small inter-interval distances, an 535 increase in the distance over which the interference signal is propagated can result in increased 536 values of CoC (Figure 3) i.e. decreased effective interference. This behavior is not specific to 537 the beam-film model but is expected whenever both class I and class II crossovers occur, and 538 there is a change in the strength of suppression of closely spaced class I crossovers. This finding 539 highlights the need for caution when interpreting interference data and particularly in the 540 distinction between mechanistic (e.g. LBF) and effective (e.g. CoC from genetic data) 541 measurements of interference. It should also be noted that at small inter-interval distances the 542 magnitude of the predicted change in CoC is small, and that for specific interval pairs the effect 543 of the local chromosomal landscape (e.g. recombination hotspots etc) may out-weigh the effect 544 predicted by the model. Despite these caveats, it is clear that an increase or decrease in mechanistic interference strength (LBF) is not expected to result in an equivalent increase or 546 decrease respectively in effective interference for small IIDs. Given the widespread use of 547 reporter lines that determine recombination rates and CoC values for closely linked intervals 548 (41) it is important to realize that these lines give little to no insight into any change in the 549 mechanics of crossover interference. 550
551
As an example, two recent papers investigated altered recombination rates at temperature 552 extremes in Arabidopsis (42, 43) . In both cases, increased temperature gave rise to more class 553 I COs, but the increased COs were associated with no change, or a decrease in genetic 554 measurements of CoC (i.e. effective interference). In the studies, CoC (or interference ratio) 555 was measured by tracking the inheritance of closely linked fluorescent reporter genes in pollen, 556 and thus combined both class I and class II crossovers measured at a small inter-interval 557 distance. While it could be concluded from these studies that temperature increases class I 558 crossovers without any effect on interference, these results are also consistent with an 559 alternative hypothesis i.e. that increased temperature decreases the distance over which 560 interference is propagated, resulting in increased class I COs, but with no effect on genetic 561 measurements of interference at small-inter-interval distances. Or to put it another way, high 562 temperature might decrease mechanistic interference, but result in an increase (or no change) 563 in effective interference for small IIDs. There is good evidence that heightened temperature 564 might have such a mechanistic effect, given that the chromosome axis is thought to mediate 565 interference (5) and the synaptonemal complex / axis structure is sensitive to temperature (44, 566 45) but this remains to be experimentally validated. 567 568 While the beam-film model was able to reliably model genetic recombination data, there are 569 several ways in which the model might further be improved with increased understanding of 570 the underlying biology. For example, when calculating LBF and LCoC in µm SC using back-571 cross data, we assume a direct relationship between SC length and Mb. In Arabidopsis the 572 relationship between SC length and Mb is constant between whole chromosomes (R 2 = 0.99, 573 based on data from (46) Despite these possible improvements, it is clear that we can gain novel insights into crossover 584 patterning using genetic recombination data in combination with beam-film simulations. These 585 are particularly powerful when, as for this study, we have good estimates of SC length for all 586 chromosomes, circumventing the need for cytological determination of crossover locations. 587
This enables us to take advantage of the main benefit of genetic data, that it incorporates all 588 crossover events, and thus enables us to develop a more nuanced understanding of the interplay 589 between the mechanistic determinants of crossover-interference and the final effect on patterns 590 of inheritance. 
